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Abstract
Densities in compact stars may be such that quarks are no longer confined in hadrons, but instead
behave as weakly interacting particles. In this regime perturbative calculations are possible. Yet,
due to high pressures and an attractive channel in the strong force, condensation of quarks in a
superfluid state is likely. This can have interesting consequences for magnetic fields, especially
in relation to the discovery of slow-period free precession in a compact star. In this proceedings
there will be a discussion of the mass-radius relations of compact stars made from quark matter
and magnetic field behaviour in compact stars with a quark matter core.
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1. Introduction
In the collapse of a star more massive than about 8M, it is likely that the remaining
compact object will be more massive than the Chandrasekhar limit, and will collapse to a
compact star with a very high central density or to a black hole. A compact star created
from such an event is characterised by a mass M ∼ M and a radius R ∼ 15 km, and
was first proposed in 1933 by Baade and Zwicky, just after the discovery of the neutron.
In such an object a neutron-proton superfluid-superconductor was expected. Hence, such
objects are often named neutron stars. However, it is possible that more exotic forms of
matter, such as quark matter, are (also) present inside these objects. To avoid confusion,
the name neutron star will be reserved for an object truly made of neutrons. The term
compact star will be used for any small, dense object that is not a black hole.
Due to Pauli blocking, only particles near the Fermi surface are expected to interact. At
very high densities, the Fermi energy can become large enough to have a weakly coupled
strong force, thus αs  1. In 1976 Freedman and McLerran calculated a perturbative
expansion of QCD with three massless quarks at large chemical potential to second
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order in the coupling α2s [1], and argued that there should be a phase transition at high
densities where quarks instead of hadrons are the degrees of freedom. As the 3¯-channel
of the colour interactions is attractive, it allows for a colour superconducting state [2].
The behaviour of quark matter at asymptotically high densities is quite well under-
stood. The challenge is to understand the behaviour of matter at densities expected in
compact stars, around or just above the QCD deconfinement phase transition. In princi-
ple, calculations in this regime can be directly related to observations of compact stars,
and might help to improve the understanding of dense matter.
This proceedings will mainly focus on the current status in confronting calculations
with observations. Section 2 discusses the mass-radius relation of quark stars, section 3
focuses on the magnetic properties of compact stars with a quark matter core.
2. Mass-radius relation
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Fig. 1. Mass-radius relation using for a pure quark star made of massless quarks, with EoS eq. (1), for
different values of the cutoff scale Λ.
Given an equation of state, the TOV-equations [3,4] can be integrated numerically
to obtain a mass-radius relation. Although the measurement of radii is observationally
difficult, masses can be measured accurately in compact binaries [5,6], suggesting an
upper mass limit not much larger than 2M. Interestingly, most neutron stars are found
to have masses very similar to the Chandrasekhar mass of about 1.4M.
As equation of state (EoS), one can use for example the two-loop perturbative QCD
EoS of Freedman and McLerran. The thermodynamic potential Ω(µ) is then given by
Ω(µ) = −Nfµ
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with αs(Λ/ΛQCD). From this, a mass-radius relation can be calculated (figure 1). The re-
lation shown is similar to the relation found by Fraga et al. [7]. However, some differences
occur in the energy density relation (µ), see [8] for a detailed discussion. For nonzero
strange quark mass the thermodynamic potential has been calculated to one loop order
[9]. The use of a realistic strange quark mass was found to be important at one-loop
level [10,8]. From the large scale-dependence in figure 1 it is clear that the convergence
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of the two-loop perturbative expansion is poor at the densities considered in compact
stars. Perhaps a higher order expansion [11] will improve this.
3. Magnetism and compact star rotation
Fig. 2. Timing residuals from timing measurements of PSR B1828-11, with ∆t the difference of the
arrival time of a pulse compared to the long term mean value. The non-sinusoidal shape suggests a
triaxial body [12]. This image is from Stairs et al. [13], where also the Fourier transform of this plot can
be found which clearly shows a peak at 500 days.
Most compact stars are thought to start their lives as a pulsar, a rapidly rotating
compact star with a very strong magnetic field that emits pulsed EM-radiation as a
consequence of this. In a pulsar, the rotation and perturbations of the rotation are easily
observable. It has been found that the rotation is very stable, with a predictable spindown
due to magnetic braking. On top of this, perturbations such as a sudden spin-up (glitches)
occur. Also, in a few sources periodic perturbations have been found, which are thought
to signal slow free precession, much slower than the spin period of ∼ 1s. The most clear
cut case is PSR B1828, which has a very clear periodic signal with a period of about 500
days (figure 2). The processes that perturb the rotation are very sensitive to the internal
structure of a compact star, and provide a useful tool to study it.
To be more precise, when present inside a compact star, quark matter is likely to be in
one of the colour superfluid states (see [14] for a recent review). A significant difference
with a neutron-proton superfluid/superconductor is that the probably more common
colour superconducting states leave a linear combination of the photon and a gluon
massless, and are therefore not electromagnetic superconductors [15]. The difference is
thus that neutron-proton matter is a superconductor, while quark matter is not.
When matter in a compact star is both a superfluid and a type II superconductor, a
compact star will have fluxoids and vortices in its core. According to Link [16,17], the
fluxoids will be strongly pinned to the vortices, thereby coupling the superconductor to
the superfluid. The magnetic field will be linked to both the superconducting component
and the iron crust, thereby linking the rotation of the superconducting component to the
crust, which is observable. The pinning of vortices to fluxoids then also links the rotation
of the superfluid component to the crust. As discussed by Link this has important ob-
servational consequences, because pinned vortices strongly damp precession. As a result,
slow period precession is effectively ruled out. Observations of slow period precession, as
in PSR B1828, then rule out the coexistence of a type II superconductor with a superfluid
in a compact star.
Possible solutions include assuming the proton superconductor to be of type I, or
to assume that the proton superconductor and neutron superfluid do not coexist. As
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it is problematic to assume the latter at central densities of compact stars and type
I superconductivity is not very likely [18], this points to exotic matter such as a not
electromagnetic superconducting quark matter to be present in the compact star core.
In a recent short review focussing on the classical compact star picture [12], there is a
detailed discussion of precession in nuclear matter objects. It also includes a discussion
of the observational evidence of neutron star precession.
4. Conclusions and outlook
Compact stars containing quark matter do fall into the parameter range found in
observations. Both theory and observations of the most direct measure, the mass-radius
relation, are problematic. However, studying the magnetic field behaviour by looking at
higher orders of rotation appears to be a promising route to test the behaviour of dense
matter. The observation of precession discussed here is just one possibility to test the
behaviour of dense quark matter in compact stars. Perturbations such as glitches and
compact star quakes are also likely to depend strongly on the interior on the compact
star, and thus might shed light on the question of what is inside.
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